Inadequate nutrition during vulnerable periods of development has been shown to be associated with impaired brain development in animal models [1] [2] [3] [4] [5] [6] [7] [8] and with impaired neurocognitive development in human preterm infants. 9, 10 Breast milk is the preferred feeding for very low birth weight (VLBW) infants, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] but it alone cannot meet the high nutrient needs of VLBW infants without nutrient fortification. [25] [26] Current fortification methods produce significantly improved growth in comparison with unfortified maternal milk. 27 However, current methods of breast milk fortification still fall short of ensuring an adequate nutrient supply at all times. 25 Although VLBW infants frequently show postnatal growth failure, [28] [29] [30] [31] [32] infants fed breast milk fortified according to current standard methods consistently show slower growth than infants receiving equicaloric amounts formulas. 28,33 -35 Assessment of nutrient intakes 28, 36 suggests that protein is the limiting nutrient when maternal milk is fortified according to standard methods, although energy intake is often low, too, and can become limiting if protein intake is at a satisfactory level.
There are mainly two reasons for inadequate protein intakes, namely the protein content of fortifiers and the variable protein content of maternal milk. Commercial fortifiers are designed to raise the protein content of breast milk to a level that meets the protein needs of the VLBW infant. But commercial fortifiers raise the protein level from the assumed 2.1-2.4 g/100 kcal only to about 3.25 g/100 kcal. This level falls short of meeting the protein needs of the VLBW infant, which are around 3.6 g/100 kcal. 37 The other reason is that maternal milk has the assumed protein content of 2.1-2.4 g/100 kcal only at about day 14 of lactation. 38 Milk produced earlier is higher in protein content and milk produced later is lower in protein content. As most milk fed to the VLBW infant is either maternal milk produced after day 14 of lactation, or is donor milk provided by mothers of term infants (protein content <1.5 g/100 kcal), the protein content of fortified breast milk fed to VLBW infants is almost always less than 3.25 g/100 kcal. It is therefore not too surprising that VLBW infants fed fortified breast milk show poor growth. The matter is further complicated by the enormous variability of the protein and fat content of expressed breast milk. [39] [40] [41] If postnatal growth failure with its risk of impaired neurocognitive development is to be avoided in infants fed fortified maternal milk, it is necessary to find ways of providing sufficient amounts of protein so that the needs of the infant for protein are met at all times. Increasing the amount of protein added to maternal milk carries the risk of providing excessively high protein intakes in cases where the protein content of maternal milk is higher than assumed. Polberger et al. 42 devised a method whereby the amount of fortifier is adjusted in accordance with weekly determinations of milk protein content to achieve target protein intakes at all times. This individualized approach, besides being very labor-intensive, depends on the availability of milk analyses. We have devised an individualized approach that does not depend on milk analysis and in which the adjustment of protein intake is based on the metabolic response of the infant. 43 The method uses blood urea as metabolic parameter. In the presence of normal renal function, blood urea reflects protein intake, with very low levels indicating low (inadequate) protein intake and very high levels indicating possibly excessive protein intake. Thus, the monitoring of blood urea could help detecting infants with inadequate protein intakes while at the same time safeguarding against excessive protein intakes, a theoretical possibility with any aggressive fortification scheme that does not involve determination of milk protein content. The feasibility of the method was demonstrated by Moro et al. 43 in a study that showed that the individualized method did lead to higher protein intakes than standard fortification and resulted in somewhat improved growth. The present study was designed to further explore this individualized approach in VLBW infants. Contrary to the earlier study, the present study used graded additions of complete fortifier and of protein in order to achieve protein intakes that better meet protein needs than the protein intakes achieved with standard fortification.
Methods

Study design
The study was a prospective, randomized, controlled trial in which infants received either the new adjustable (ADJ) fortification regimen or the standard (STD) regimen. The study hypothesis was that infants fed according to the new ADJ regimen would have higher protein intakes and improved weight gain compared to infants fed according to the STD regimen. The study design is illustrated in Figure 1 . Infants were enrolled and randomized to one of the feeding groups -STD regimen or ADJ regimen -if and when they reached a feeding volume of 90 ml/kg/day. The actual study began when the feeding volume reached 150 ml/kg/day with full-strength standard fortification. The study ended whenever infants reached a weight of 2000 g. Infants received the regimen to which they were assigned (STD or ADJ) throughout the study. Predetermined random assignments to feeding groups were kept in sequentially numbered sealed opaque envelopes. Randomization used stratification by birth weight (p1250, 1251-1500 and 1501-1750 g). It was not possible to blind investigators to study group assignment, but caregivers responsible for infants' care and feeding were not involved in the investigation. Subjects were considered to have completed the study as planned if they completed at least 14 days in the study.
Subjects
Infants with birth weight between 600 and 1750 g and gestational age between 24 and 34 weeks were eligible if they were free of 
Feedings
Most infants (83.3%) received parenteral nutrition starting soon after birth using central venous catheters. Feedings were initiated during the first 3 days of life in the majority (80.6%) of the babies. Infants were fed their own mother's milk or donor milk from the hospital's Human Milk Bank. Milk was initially unfortified. Own mother's milk was some times fed fresh, but mostly had been frozen for some time. Donor milk had been stored frozen. Formula was not fed at any time. Fortification with human milk fortifier (HMF) (FM 85, Nestlé, Italy) was initiated at the time of enrollment, that, when milk intake volume reached 90 ml/kg/day ( Figure 1 ). HMF was initially used at half strength (2.5 g/100 ml of milk) for 2-4 days before it was increased to full strength (5 g/ 100 ml of milk). Feeding volume was increased gradually as tolerated by the infant. The study period began (SDAY 1) the day when the feeding volume reached 150 ml/kg at full-strength fortification. Beginning on SDAY 1, infants assigned to the adjustable (ADJ) regimen were managed according to the rules for that regimen, whereas infants assigned to the standard regimen (STD) were managed according to nursery routine ( Figure 1 ). During the study, feeding volumes were maintained at 150-160 ml/kg/day. The daily milk supply of each infant was prepared each morning by the addition of the appropriate amount of HMF plus, in the case of infants in the ADJ group, supplemental protein (see below). Fortified human milk was kept refrigerated until fed. The volume of milk fed at each feeding was recorded. All infants received daily 750 IU of vitamin A, 750 IU of vitamin D, and 50 mg/kg of vitamin C starting from the 15th day of life. Zinc in the form of zinc sulfate was added at 0.24 mg/100 ml to fortified milk. From 30 days of age, all infants were provided with 2 mg/kg of iron in the form of ferrous sulfate.
Standard fortification
Infants in the standard fortification group (STD) received human milk fortified with HMF in the standard amount (5 g/100 ml of HM) throughout the study. As indicated in Table 1 , the HMF provided (per 100 ml of breast milk) 0.8 g of protein in the form of hydrolyzed bovine whey proteins and 18 calories (from protein and maltodextrins).
Adjustable fortification
Infants started out with standard fortification but then adjustments of fortification were made based on twice-weekly (Monday and Thursday) determinations of blood urea nitrogen (BUN). Adjustments were made in the amount of HMF and of additional protein added. If the BUN was between 9 and 14 mg/dl (3.2-5.0 mmol/l), no adjustment was made. Every time the BUN was <9 mg/dl (<3.2 mmol/l), fortification was increased by one level. If the BUN was >14 mg/dl (>5.0 mmol/l), a decrease in fortification by one level was made. Table 2 shows the amounts of HMF and additional protein used at the different fortification levels. For level 1 the amount of HMF was increased, whereas for levels 2 and 3 in addition protein was added in the form of a bovine whey protein concentrate (Pro-Mix, Corpak Medsystems, Wheeling, IL, USA). The protein powder was weighed to the nearest 0.1 g using a MonoBloc B2002-S Scale (Mettler Toledo, Switzerland).
Outcome measures
The primary outcome was weight gain (g/kg/day, g/day) determined from SDAY1 to the time infants reached a weight of Adjustable fortification of human milk fed to preterm infants S Arslanoglu et al 2000 g. Additional growth measures included length and head circumference. Anthropometric measurements were performed by experienced nurses. Body weight was determined twice weekly using electronic scales (±10 g). Length was measured weekly by two measurers to the nearest 0.1 cm using a measuring board with fixed headboard and movable footboard. Head circumference was measured weekly to the nearest 0.1 cm using a nonstretchable tape measure. Weight gain in g/day was calculated as the difference between the initial and final weight, divided by the number of days elapsed, and in g/kg/day by dividing gain in g/day by the average weight during the observation period. Secondary outcome measures were BUN and serum concentrations of creatinine, albumin, calcium (Ca), phosphorus (P) and alkaline phosphatase (ALP). Blood samples for BUN were drawn twice weekly by heel stick and for creatinine and albumin weekly and for Ca, P and ALP every 2 weeks by venipuncture. BUN was analyzed by a urease method using Stat Profile Critical Care Analyzer Xpress (Nova Biomedical, Waltham, MA, USA). Serum albumin was determined by a colorimetric method using a Roche/ Hitachi Modular Analyzer (Roche Diagnostics, Mannheim, Germany). Calcium, phosphorus and alkaline phosphatase were determined by colorimetric assays using a Roche/Hitachi 912 Analyzer (Roche Diagnostics, Mannheim, Germany).
Feeding volume and feeding tolerance (abdominal distension, gastric residuals, emesis and withheld feedings) were recorded daily.
Nutrient intakes. Aliquots of fortified milk were collected twice weekly from each infant's daily supply of milk and combined to form weekly pools. Samples were stored frozen at À201C until analyzed. Milk fat was determined by a modified Folch procedure 44 and total nitrogen was determined by a micro-Kjeldahl method as described previously. 45 Protein (g/l) was calculated as nitrogen Â 6.38, assuming that nonprotein nitrogen contributed 295 mg/l and that 27% of nonprotein nitrogen was bioavailable, that is equivalent to protein nitrogen. 46 Milk energy was calculated assuming a lactose concentration of 70 g/l and using the factors 4.0 kcal/g for protein and lactose and 9.0 kcal/kg for fat. Intakes of protein and energy were calculated from recorded feeding volumes and protein concentration and energy density.
Sample size
To be clinically relevant, growth with the adjustable fortification regimen would have to be improved to such a degree that hospital stay would be shortened by 3 days. This would require a difference in weight gain of 3.5 g/day. Based on the data of Moro et al. 43 to detect such a difference at a ¼ 0.05 with 80% power, 15 infants per group were needed.
Statistical analyses
Analysis of variance procedures were used to compare continuous variables between feeding groups and to assess for effects of time within feeding groups. When equality of variances were not present, Kruskal Wallis and Mann-Whitney U nonparametric tests were used. Repeated dependent variables (biochemical measurements, milk composition and nutrient intake values, fortification levels) were evaluated by repeated measures ANOVA. When a significant feeding by time interaction was detected, means were compared at each time point. Bivariate correlations were determined by Pearson's coefficient of correlation. Statistical significance was set at the 5% level of probability. All statistical analyses were performed using the SPSS 10.0 program for Windows. Unless indicated otherwise, the data are expressed as mean±s.d. values.
Results
Subjects
A total of 36 infants were enrolled but two left the study early because of feeding intolerance in terms of abdominal distension and emesis, leaving 34 who were randomized to either the ADJ group (n ¼ 17) or the STD group (n ¼ 17). All infants completed the protocol, but two (one in ADJ, one in STD) reached a weight of 2000 g after <14 day in the trial, so their data were excluded from analysis. Characteristics of the remaining 32 subjects are presented in Table 3 . The groups were similar with respect to gestational age, weight, head circumference and length at birth, Apgar scores, age, and weight at SDAY1. The clinical course before study entry was similar in both groups. Most of the infants were initiated on minimal enteral feedings on the second or third day of life (mean age 2.8±2.3 day STD group, 2.4±1.3 day ADJ group). Full feedings were reached at a median age of 11 day (range: 24 day) in STD and 9.5 day (range: 26 day) in ADJ. Before study entry and during the study, all infants were fed human milk, of which about 60% was provided by the infants' own mothers and 40 % was pasteurized donor milk from the Human Milk Bank.
Milk fortification and nutrient intakes
Infants received fortified breast milk for an average of 4.9 day (STD group) and 4.8 day (ADJ group) before they reached SDAY 1 and Values are mean±s.d. Differences between study groups were not statistically significant.
Adjustable fortification of human milk fed to preterm infants S Arslanoglu et al remained in the study for a similar duration (mean 20.8±8.0 day STD group and 20.9±9.0 day ADJ group). Mean fortification levels in the ADJ group increased significantly (P<0.001) over time, with mean levels being þ 0.9, þ 1.7 and þ 2.3, respectively, in successive study weeks. All 16 babies in the ADJ group reached at least level þ 1, with 14 reaching level þ 2 and 8 reaching level þ 3. Only one baby needed level À1 for 3 days. Volume of intake was maintained around the target volume of 150 ml/kg/day in both groups. As indicated in Table 4 , average fat and energy content of fortified milk were similar in both groups and did not change during the course of the study. On the other hand, protein concentration in the ADJ group increased significantly over time and was significantly higher during weeks 2 and 3 than in the STD group. Consequently, protein intake increased significantly over time in the ADJ group and was significantly greater in the ADJ group than in the STD group, in which protein intake remained constant. Figure 2 shows mean protein intakes for the study groups throughout the study. For reference, intrauterine protein requirements determined by the factorial method 18 are also indicated.
Growth
Infants in the ADJ group gained significantly more weight and had greater increases in head circumference than infants in the STD group (Table 5 ). Although linear growth was somewhat faster in the ADJ group, the difference did not reach a statistical significance. Protein intake was significantly correlated with weight gain (g/kg/ day) (r ¼ 0.392, P ¼ 0.027) and head circumference gain (r ¼ 0.389, P ¼ 0.029). No correlations were found between energy and fat intakes and growth variables.
Serum chemical data
Serum albumin and creatinine levels did not differ between the groups and did not change significantly during the study (Table 6 ). On the other hand, in the ADJ group mean BUN, as Protein intake (g/kg/d) Figure 2 Average protein intakes during the study compared with intrauterine protein intakes. *Optimal intakes reflect intrauterine protein intakes of the fetus with a body weight corresponding to the mean body weights of the study infants for each week. Values are mean±s.d.
Adjustable fortification of human milk fed to preterm infants S Arslanoglu et al expected, increased significantly over time, but was not significantly (P ¼ 0.57) higher than in the STD group. Although some BUN values were <4 mg/dl, indicative of inadequate protein intake, no value was >20 mg/dl, our upper limit of normality. Serum calcium levels did not differ between the groups during the study and did not change during the study, whereas phosphorus levels and alkaline phosphatase activity increased significantly over time in both groups but did not differ between study groups.
Feeding tolerance and clinical course
There were no statistically significant differences between feeding groups with respect to the number of days with at least 1 episode of emesis (1.9±3.0 in STD, 0.9±1.1 in the ADJ groups); and percentage of the withheld feedings (2.1±1.7 in STD, 2.3±1.2 in ADJ groups). One infant in STD group had abdominal distension before SDAY1 and two infants in the ADJ group had abdominal distension during the study while being on fortification level þ 2 and þ 3, respectively. In these cases abdominal distension resolved when, per nursery routine, fortification was withheld for 1 day. Thereafter fortification was resumed without further abdominal distension. No study infant had necrotizing enterocolitis or systemic infection.
Discussion
Confirming our earlier findings, 43 the present study demonstrates the general feasibility and safety of our BUN-based individualized method of breast milk fortification. The present study furthermore shows the method to be effective. To our knowledge, this is the first study to demonstrate that protein supplementation can be increased safely beyond the amount provided by standard fortifiers and that increased protein intake leads to improved growth of VLBW infants. Thus, it appears that our method of BUN-based adjustable fortification offers for the first time a practical and safe method of raising the protein intake of VLBW infants to a satisfactory level.
Securing an adequate protein intake for VLBW infants fed maternal milk presents a challenging problem because of the variable and, in practice, always unknown protein content of maternal milk. The challenge is somewhat different with donor milk with its consistently low protein content, but even there the problem of protein fortification has not been solved. The evidence is overwhelming that with current fortification methods VLBW infants fed breast milk, both maternal and donor, receive inadequate protein intakes. As a result not only inadequate protein intakes but also excessively high protein intakes need to be avoided, it is thought that any method for increasing the protein intake of VLBW infants would need to be individualized.
Among the individualized approaches, a method based on periodic analysis of maternal milk has been shown to lead to improved protein intake. 42 Although this method holds promise, it depends on the availability of milk analysis and is therefore currently not widely applicable.
Our individualized ('adjustable') approach makes use of the metabolic response of the infant to guide the addition of protein above and beyond that which is provided by the commercial fortifier. It is a truly individualized method in that it makes no assumptions regarding an infant's protein requirements. Its advantage over other individualized approaches 42 include that it does not depend on milk analysis and that it safeguards against unduly high protein intakes. Although blood urea (BUN) is influenced by renal function and by hydration state, we used BUN as metabolic indicator because, all other influences being equal, it is proportional to protein intake [47] [48] [49] [50] and responds rapidly to changes in protein intake. BUN determinations are routinely performed by clinical laboratories and are thus readily available. In the present study, periodic determination of BUN proved satisfactory in that it led to improved protein intake while avoiding excessively high protein intakes. It is possible that indicators of protein nutritional status, such as retinol-binding protein or transthyretin, could be used in place of BUN, although it does not appear that any of these indicators are useful in detecting excessively high protein intakes.
The adjustable fortification method improved both weight gain and head growth compared to standard fortification. It has been clearly demonstrated 51 that early postnatal head growth is a strong predictor of neurodevelopmental outcome. In VLBW infants, perinatal growth failure, as evidenced by a subnormal head circumference at 8 months of age, has been found to be associated with poor cognitive function, academic achievement, and behavior at 8 years of age. 52 Thus, promotion of growth and particularly of Adjustable fortification of human milk fed to preterm infants S Arslanoglu et al the head circumference, possibly will have a long-term positive impact that needs to be further investigated. One theoretical disadvantage of our BUN-based adjustable fortification method is that it does not permit adjustment of energy intake. However, energy intake was not correlated with weight gain in the present study. This lack of effect of energy intake on growth confirms the notion that protein intake is usually the limiting nutrient with regard to growth of VLBW infants. 28 Protein intake, on the other hand, was found to be strongly related to growth. This serves to reinforce the paramount importance of protein among the nutritional determinants of growth of VLBW infants. It seems entirely appropriate to concentrate efforts on improving the protein intake of VLBW infants.
